The influence of the basis set size and the correlation energy in the static electrical properties of the CO molecule is assessed. In particular, we have studied both the nuclear relaxation and the vibrational contributions to the static molecular electrical properties, the vibrational Stark effect ͑VSE͒ and the vibrational intensity effect ͑VIE͒. From a mathematical point of view, when a static and uniform electric field is applied to a molecule, the energy of this system can be expressed in terms of a double power series with respect to the bond length and to the field strength. From the power series expansion of the potential energy, field-dependent expressions for the equilibrium geometry, for the potential energy and for the force constant are obtained. The nuclear relaxation and vibrational contributions to the molecular electrical properties are analyzed in terms of the derivatives of the electronic molecular properties. In general, the results presented show that accurate inclusion of the correlation energy and large basis sets are needed to calculate the molecular electrical properties and their derivatives with respect to either nuclear displacements or/and field strength. With respect to experimental data, the calculated power series coefficients are overestimated by the SCF, CISD, and QCISD methods. On the contrary, perturbation methods ͑MP2 and MP4͒ tend to underestimate them. In average and using the 6-311ϩG(3d f ) basis set and for the CO molecule, the nuclear relaxation and the vibrational contributions to the molecular electrical properties amount to 11.7%, 3.3%, and 69.7% of the purely electronic , ␣, and ␤ values, respectively.
I. INTRODUCTION
In the last years, there has been a growing interest for the nonlinear optical properties of polyatomic molecules. [1] [2] [3] Such properties give the response of a molecule which is placed under the influence of an electromagnetic radiation. Under these conditions, and taking into account only the stronger electric field component, the potential energy of a molecule can be expanded in a Taylor series, 
If the molecular properties ͑P in general͒ are defined from the Taylor series of the dipole moment , the linear response is given by the polarizability ␣, and the nonlinear terms of the series are given by the nth-order hyperpolarizabilities ͑␤ and ␥͒. The dynamic properties are defined for timeoscillating fields, whereas static properties are obtained if the electric field strength is time-independent. In this study, only the static, space-uniform field has been considered, because it allows for the determination of static electrical properties. When a molecule is placed under the effect of an electric field, the electronic cloud is modified, nuclei positions are changed and vibrational ͑and rotational͒ motion is perturbed. 4 -12 All these changes can be explained in terms of the electrical properties, namely, dipole moment, polarizability, and nth-order hyperpolarizabilities. Experimental information of such changes induced by the electric field can be obtained from the vibrational Stark effect ͑VSE͒ and the vibrational intensity effect ͑VIE͒. These effects are reported from the Stark tuning rate (␦ E ) and from the infrared cross section (␦ SE ), respectively. [13] [14] [15] [16] The methodology employed in this paper, which can be extended to polyatomic molecules, will allow us to consider the most important contributions to the molecular properties. Although some studies 12,14 -16 have dealt with this subject earlier, a systematic study of those properties is still missing. In this work, the potential energy of a chemical system will be expanded in a double power series. Then, the effect of both mechanical and electrical anharmonicity corrections will be included. The purpose of this paper is, thus, to assess the importance of correlation energy, basis set size, and truncation in the power series. One must note that this method can also be related to the more traditional perturbation treatment.
butions ͑P vib ͒ to the molecular properties are expressed in terms of these derivatives. In Sec. II A, we present the details of the molecular orbital ͑MO͒ ab initio calculations carried out in this paper, and in Sec. II B, we report the relationships between ␦ E , ␦ SE , P nr , P vib and the coefficients of the power series. The molecular property derivatives for different levels of theory will be presented in Sec. III. Then, the effect of the basis sets and correlation energy will be analyzed. From these coefficients, the ␦ E , the ␦ SE and the nuclear relaxation and vibrational contributions to dipole moment, polarizability, and first hyperpolarizability will be presented and compared with respect to available experimental data.
II. METHODOLOGY A. Details of the ab initio calculations
Calculations have been carried out at the ab initio MO level of theory. Inclusion of correlation energy has been considered through perturbation theory at the MP2 ͑Ref. 39͒ and MP4 ͑Ref. 40͒ levels, and through the iterating methods CI ͑Ref. 41͒ and QCI ͑Ref. 42͒ including all singles and doubles excitations. The basis sets used in this work are the splitvalence 3-21G, 43 the split-valence including diffuse functions 6-31ϩG, 44 ,45 polarization functions 6-31G(d), 44, 46 both diffuse and polarization functions 6-31ϩG(d) and the large 6-311ϩG(3d f ). 44, 45, 47 Purely electronic dipole moment, polarizability, and first hyperpolarizability have been computed as first, second, and third energy derivatives of the energy with respect to the field strength, respectively. At the SCF level, all these derivatives have been computed analytically. At the MP2 level, the dipole moment and the polarizability have been computed analytically, whereas the hyperpolarizability has been obtained by numerical differences of the polarizability. At the CI and QCI levels, the dipole moment has been calculated analytically, and the polarizability and the first hyperpolarizability have been computed by single and double numerical differences of dipole moment, respectively. At the MP4 level, both dipole moment and polarizability have been calculated as single and double numerical differences of the energy, respectively. At this level the first hyperpolarizability has not been computed. To consider the effect of triples excitations at the QCI ͑Ref. 42͒ level, the dipole moment and the polarizability have also been computed by single and double numerical differences of the energy, respectively. All calculations in this paper have been carried out using the GAUSSIAN-92 ͑Ref. 48͒ series of programs.
Derivatives of the purely electronic molecular properties with respect to the nuclear displacements have been found by fitting the dipole moment, the polarizability and the first hyperpolarizability values to a power series in the nuclear coordinate displacements. At the HF and MP2 level, the quadratic force constant has been computed analytically. The MP4, CISD, and QCISD quadratic force constants and all the cubic force constants have been obtained by fitting the energy to a power series in the nuclear coordinate displacements. All the equations are presented in atomic units.
B. Power series expansion of the potential energy
The potential energy of a diatomic molecule under the effect of an uniform, static electric field is a simultaneous function of both the field strength and the bond length. Then, the energy of such a system can be expressed as a power series expansion,
where the first index refers to the nuclei displacements from the equilibrium bond length Q, and the second index refers to the strength of the electric field F. Differentiation of Eq. ͑2͒, with respect to either nuclear displacements or/and field strength, will lead to relationships between the coefficients a nm of the power series expansion and the potential energy derivatives:
. ͑3a͒
Then, the molecular properties are defined:
el ϭϪa 01 ; ␣ el ϭϪ2a 02 ; ␤ el ϭϪ6a 03 ; ͑3b͒ kϭ2a 20 ; f ϭ6a 30 and their derivatives with respect to either nuclear displacements or/and field strength:
This paper focuses on a diatomic molecule, so only the parallel component of the field with respect to the dipole moment has been considered. In the power series expansion of the potential energy, the double harmonic approximation including both mechanical and electrical first anharmonic terms has been assumed. In this model, except for the purely mechanical terms, the maximum value for n is 2, and the maximum value for m is a function of the molecular property of interest in any case. Under these restrictions, the expansion of the double power series of the potential energy used is given by To our knowledge, this is the first systematic study in which the first anharmonic terms are included in the expansion of the potential energy. Lambert 14 was interested only in relationships between the power series coefficients and both the Stark tuning rate and the IR cross section changes. In the early eighties, Pandey and Santry 49 applied the mechanical harmonic model to both the potential and vibrational energy expansions. More recently, Castiglioni et al. 50 applied only the harmonic approximation to the power series expansion of the potential energy. Then, they only found the nuclear re-laxation contributions to the electrical properties. Even more recently, Cohen et al. 12 used different orders of the anharmonic correction for different electrical properties. Inclusion of higher order anharmonic terms in the power series expansion of the potential energy is straightforward following the procedure outlined in this section, and it is summarized in the Appendix.
The nuclear displacements of a molecule caused by an electric field are obtained by differentiation of Eq. ͑4͒ with respect to Q, and then setting the result equal to zero. Solution of the resulting equation, using a Taylor series expansion, leads to the field-dependent equilibrium coordinate 
͑5͒
The predicted change of the equilibrium geometry induced by the electric field, the so-called nuclear relaxation, 50 is given by 20 . ͑6b͒
This definition of the nuclear relaxation gives only the change of the equilibrium geometry, induced by the applied field, with respect to the zero-field equilibrium geometry. 14, 50 Equation ͑6͒ show that the ratio between the dipole moment derivative with respect to the coordinate displacements and the quadratic force constant only controls the change of the equilibrium geometry induced by an applied field. This change of the equilibrium geometry would also be induced by an oscillating field. In this case and due to the nature of the applied field, the equilibrium geometry would also oscillate around the zero-field equilibrium geometry. This induced nuclear relaxation is different, in origin, from the vibrational motion of a molecule even for nonuniform applied fields. Then, these two effects, nuclear relaxation ͑either constant or time-depending͒ and vibrational motion of a molecule will be responsible of two different contributions to the molecular electrical properties.
Substitution of Eq. ͑5͒ into Eq. ͑4͒ will lead to a fielddependent potential energy evaluated at the equilibrium geometry, which will include the effect of the relaxation of the nuclei, As Castiglioni et al. 50 pointed out recently, the nuclear relaxation contributions to the electrical properties are due to the change of the equilibrium geometry induced by the field. In agreement with the recent work of Castilglioni et al., 50 the harmonic part of these nuclear contributions is a function of two variables, the zeroth-order nuclear relaxation Q nr * , and the derivative of the purely electrical property of the previous order in the field with respect to the coordinate ͑the a 1mϪ1 coefficient of the power series͒. As it can be seen, nr and ␣ nr are only function of harmonic terms. This is the origin of the zero value for nr , at the equilibrium geometry in absence of a field (a 10 ϭ0). The anharmonic part of the ␤ nr is a function of the anharmonic coefficients of the power series expansion of the potential energy and the zeroth-order nuclear relaxation. A similar result has been obtained previously by perturbation theory. 17, 52 The nuclear relaxation contribution to the polarizability and to the first and second hyperpolarizabilities have been shown to be important. 8 -10,14,50 Dykstra et al., 25 Pandrey and Santry, 49 Rinaldi et al., 51 Bishop and Kirtman, 52 Champagne et al., 53 and Bartlett et al. 54 reach the same conclusion to what they called vibrational contribution to the molecular properties. This amount was essentially due to the induced change of the equilibrium geometry. The P nr contribution is originated by the nuclei displacement from the zero-field equilibrium geometry, induced by the applied field. In this work, we only have considered uniform fields, but a similar contribution should be obtained for time-oscillating fields. For these fields, the P nr contribution could be easily coupled with the P vib contribution, because both effects nuclear relaxation and vibrational motion are time-dependent, but at different frequencies. The nuclear relaxation frequency is given by the applied field, and the vibrational motion is given by the vibrational frequencies.
To obtain the vibrational contribution of the molecular properties, derivation of the vibrational energy with respect to the field strength to the corresponding order must be done. In the harmonic model for the vibrational energy, and assuming the zero-point energy as the total vibrational energy ͑no temperature effect is considered͒, the P vib contributions in atomic units are given by
where m is the reduced mass, k is the quadratic force constant, and ϭ2, where is the vibrational frequency. All such derivatives of the force constant are evaluated at the equilibrium geometry and at zero-field strength. The fielddependent force constant is obtained by double differentiation of the power series ͓Eq. ͑4͔͒ with respect to the nuclear displacements,
At this point, differentiation of the field dependent force constant with respect to the field strength should be done. 
͑11c͒
From Eq. ͑11͒, the vibrational contributions of the molecular properties are function of derivatives of the force constant with respect to the field strength ͑a 21 , a 22 , and a 23 coefficients of the power series expansion͒. In the double harmonic model of the power series expansion of the potential energy, these coefficients are not included. In consequence, the vibrational contributions to the electrical properties have a null value. Only when the anharmonic terms ͑a 30 and a 2m coefficients͒ are included in the power series expansion of the potential energy, the vibrational contributions to the , ␣, and ␤ are obtained. Simultaneously, the mechanical anharmonicity is coupled with derivatives of the electrical properties ͑a 1m and a 2m terms͒. This point has been previously observed for the ␣ vib contribution for Cohen et al. 12 and Bishop et al. 52 Inclusion of the higher order anharmonic terms in the power series expansion leads to more complex expressions of the P vib contribution to the molecular properties ͑see the Appendix͒. While vib is still unchanged, both ␣ vib and ␤ vib are corrected by the second-order anharmonic terms a 40 , a 31 , a 32 .
The experimental values of VSE and VIE given by the Stark tuning rate ␦ E and the infrared cross section ␦ SE , respectively, can also be expressed in terms of the coefficients of the power series. From their definitions and using atomic units, we have
where m is the reduced mass and q is the derivative of the field-dependent dipole moment with respect to the coordinate displacement. Finally, dq/dF is the second derivative of the field-dependent dipole moment with respect to both nuclear displacement and field strength. Both q and dq/dF are evaluated at the equilibrium geometry for the zero-field case. From Eqs. ͑11a͒ and ͑12a͒, one can see that vib is directly related to the Stark tuning rate. In fact, the ratio between the vibrational contribution and the Stark tuning rate is a constant factor. The vibrational contribution of the polarizability can be obtained from what we called in a previous work, 9 the second order Stark tuning rate. In the same sense, the third and fourth order Stark tuning rates will give the vibrational contributions to the first and second hyperpolarizabilities. The Stark tuning rate is a well known experimental data for some molecules, but only first order Stark tuning rates have been reported until now. [13] [14] [15] [16] At this point, it is important to remark that the P nr and P vib contributions to the molecular electrical properties cannot be directly compared with the vibrational contributions arising from perturbation theory methods. This classical notation gives also two different terms for the vibrational contributions. One of them, which is closer to the vibrational term, can be extracted from the zero point vibrational average over the property ͑ZPVA͒. The second, known as purely vibrational, is related to the nuclear relaxation term. However, the sum of these terms must have the same value for the two methods. The analysis of the molecular electrical properties presented in this work and the perturbative treatment are compared in detail in Ref. 17 .
III. RESULTS AND DISCUSSION
In this section the molecular properties and their derivatives computed at different levels of theory are presented and compared with available numerical Hartree-Fock 18, 19 results and experimental data. 28 -38 First, we focus on the equilibrium bond length and the molecular properties calculated; second, we present the molecular properties derivatives obtained; third, calculation of the nuclear relaxation and vibrational contributions of the electrical properties, first order Stark tuning rate, and infrared cross section are presented; finally, a general discussion is given.
In the present study, all the magnitudes presented have been computed at the equilibrium bond length of the CO molecule at each level of theory used. Unless it is specially specified, the numerical values of these magnitudes for the carbon monoxide are given in atomic units.
In Table I , the calculated bond length of the CO molecule is presented. With respect to the experimental bond length, the HF level tends to underestimate its value when polarization functions are included in the basis sets. This behavior shows a clear cancellation of errors for the 3-21G and 6-31ϩG basis sets. Inclusion of the correlation energy tends to give larger values than the experimental bond length, except if a high level of theory and a large basis set is used. Inclusion of triples excitation at the QCISD͑T͒/6-31 ϩG(d) and QCISD͑T͒/6-311ϩG(3d f ) levels of theory gave bond length of 1.1480 and 1.1310 Å, respectively. Except for the HF/3-21G value, only the use of a very flexible basis set like 6-311ϩG(3d f ) and accurate inclusion of the correlation energy allows one to reproduce the experimental bond length ͑relative error lesser than a 1%͒. The dependence of the equilibrium bond length of the CO molecule with the level of theory used will affect the theoretical determination of the electrical properties. MP4 predicts poor bond lengths considering that both triples and quadruples excitations are included in this wave function.
The quadratic and cubic force constants of the CO molecule are presented in Tables II͑a͒ and II͑b͒, respectively . With respect to the average of the experimental harmonic force constants ͑1.217 a.u.͒ the SCF values are clearly overestimated, and inclusion of the correlation energy tend to decrease the calculated force constant. For the polarized basis sets, while the MP2 and MP4 values are clearly underestimated, the CISD values are still overestimated and the calculated QCISD force constant are also overestimated except for the 6-31ϩG(d) basis set. The best calculated values are the QCISD with the 6-31G(d) and 6-31ϩG(d) basis sets, that show relative errors lesser than 1% with respect to the averaged experimental value. On the other hand, the cubic force constant, at least for the correlated levels and the two larger basis sets, shows relative errors smaller than 5% with respect to the QCISD/6-311ϩG(3d f ) value. In general, these errors are smaller than those obtained for the quadratic force constant. Tables III͑a͒, III͑b͒ , and III͑c͒ present the values calculated of the purely electronic component of the electrical properties. As it is well known, the dipole moment of the CO molecule is a very sensitive property due to its small absolute value. Direct comparison between the SCF dipole moment presented in Table III͑a͒ and the numerical HF ͑HF/ num͒ value cannot be done because the numerical has been computed at the experimental bond length. At the experimental geometry, the calculated HF/6-31G(d), HF/6-31 ϩG(d), and HF/6-311ϩG(3d f ) values of the dipole mo- Table III͑a͒ , underestimates the dipole moment by 20%. When the triples excitations are included at the QCISD͑T͒/6-311ϩG(3d f ) level, the el is 0.0495 a.u., which represents an overestimation from the experimental value. Clearly, contributions different from the purely electronic one must be considered to reproduce the experimental value of the total dipole moment.
For the polarizability and due to its higher absolute value, the agreement between the calculated values and the experimental data is much better. Comparison between the HF/num and the HF/6-311ϩG(3d f ) polarizability gave a 3% underestimation of the MO-LCAO value, which can be due to the different bond length used in the calculations. Therefore, at the correlated levels a better agreement between the calculated and the experimental ␣ should be expected. Inclusion of the triples excitations at the QCISD͑T͒/ 6-311ϩG(3d f ) level gave 15.55 a.u. This value underestimates the experimental data by 11%. Consequently, other contributions different from the pure electronic are needed to reproduce the experimental value.
From the SCF data presented in Table III͑c͒ , it can be observed the dependence of the ␤ with respect to the basis set and to the geometry used. For the 6-31ϩG(d) and 6-311 ϩG(3d f ) basis sets, all the correlated levels predict values of ␤ that agree ͑less than a 10% error͒ with the experimental data 32 ͑␤ ESHG ϭ30.2Ϯ3.2 a.u.͒ showing the need to include both diffuse and polarization functions in the theoretical calculations of this nonlinear optical property. In a recent review, Shelton and Rice 1 have established the third harmonic generation ͑THG͒ and the static electric field induced second harmonic generation ͑ESHG͒ as the preferred experimental techniques to determine the electronic contribution to the hyperpolarizability.
In Tables IV͑a͒, IV͑b͒ , and IV͑c͒, the first derivatives of el , ␣ el , and ␤ el with respect to the normal coordinate are presented. Contrary to the evaluation of the dipole moment, the calculated values of the dipole moment derivative have the correct sign 28 for the different levels of theory used in the present work. While the SCF values overestimated this derivative by more than 50% with the basis sets including polarization functions, the MP2 and MP4 levels underestimate the dipole moment derivative by more than 20%. Like the SCF levels, the CISD and QCISD levels overestimate their predicted dipole moment derivative, but the relative error is reduced to 6.1%, when the 6-311ϩG(3d f ) basis set is used. However, due to cancellation error the QCISD/6-31G(d) level reproduces, with an error lesser than 5%, the experimental value of the dipole moment derivative.
The values of the ‫‪Q‬ץ/␤ץ‬ presented in Table IV͑b͒ have the correct sign. 29 The different behavior of the dipole and polarizability first derivatives with respect to the level of theory can be due to the different sensitivity of the dipole moment and the polarizability to the change of the bond length. This effect can be observed experimentally in the different changes produce by the environment ͑spectra in solution͒ in the line intensities of the infrared and raman vibrational spectroscopy. 29 With respect to the experimental data, the calculated SCF values of ‫‪Q‬ץ/␣ץ‬ are underestimated and the MP2 values are overestimated. The CISD and QCISD calculations give values that are into the margin of error of the experimental data, especially when the larger basis sets are used. The calculated values of the first derivative of the ␤ with respect to the nuclear displacements presented in Table  IV͑c͒ show two different facts. First, the SCF values are clearly overestimated. Second, both correlation energy and very flexible basis sets must be used to obtain reliable values of the ‫.‪Q‬ץ/␤ץ‬ It seems that the first derivative of the ␤ probably has a small absolute value.
In Tables V͑a͒, V͑b͒, and V͑c͒, second derivatives of the , ␣, and ␤ with respect to the nuclear displacements are presented. The second derivative of the dipole moment with respect to the normal coordinate, like higher order derivatives of dipole moment, has been assumed to be small. 55 Except for some MP2 and MP4 calculated values, this is what Table V͑a͒ shows. The HF, CISD or QCISD values are either positive or negative, but small in general. The best calculated value ͓QCISD/6-311ϩG(3d f )͔ is three times larger than the experimental determination, showing that probably all the calculated ‫ץ‬ 2 /‫ץ‬Q 2 suffer form numerical instabilities. For the ␣ derivative, except the perturbative values, which are very large ͑MP2͒ or change even the sign from one basis set to another ͑MP4͒, the HF, CISD values are overestimated with respect to the QCISD ones. In particular, the most favorable cases ͓HF/6-311ϩG(3d f ) and CISD/6-311ϩG(3d f )͔ show relative errors of 11.6% and 14.1% with respect to the QCISD/6-311ϩG(3d f ), respectively. The calculated values of the second derivatives of the ␤ show even more erratic behavior than the second derivative of the polarizability. This behavior can be due to numerical instabilities of the calculated ‫ץ‬ 2 ␤/‫ץ‬Q 2 . Then, to obtain accurate values of these derivatives analytical derivatives of the electrical properties are needed.
Table VI͑a͒ presents the zeroth-order nuclear relaxation term defined in Eq. ͑6a͒. From the experimental values of the dipole moment derivative [33] [34] [35] and the harmonic force constant, 28, 29 the experimental estimate of the zeroth-order nuclear relaxation is ͑0.555Ϯ0.007͒ a.u. The predicted zeroth-order nuclear relaxation value at the QCISD/6-311 ϩG(3d f ) differs by less than 2% from the experimental value. This great agreement that could be fortuitous could also be due to the consistency in the errors observed for the dipole moment derivative and the quadratic force constant at this level of theory with respect to the experimental values. In general, the CISD and QCISD calculations using basis sets including polarization functions predict the Q nr * with less than a 10% error with respect to the experimental one. While the SCF tends to overestimate the zeroth-order nuclear relaxation, the MP2 and MP4 levels underestimate it, essentially because of the error in the dipole moment derivative. In the previous section we assessed that the zeroth-order nuclear relaxation term ͓Eq. 6͑b͔͒ represents the major contribution to the total nuclear relaxation. For instance, for a field strength of 0.01 a.u. the Q nr * term computed at the SCF, CISD, and QCISD levels gave more than 90% of the total nuclear relaxation. At the MP2 and MP4 levels, the zeroth- order contribution represents more than 80% of the total nuclear relaxation. When only the first field-dependent term of the nuclear relaxation is added to the zeroth-order (Q nr ϷQ nr *ϩa 12 F/2a 20 more than the 98% of the total nuclear relaxation is obtained, showing that these harmonic terms are the most important ones of the total nuclear relaxation. For this reason, in the evaluation of the fielddependent force constant derivatives, only the harmonic terms of the Q nr have been considered to obtain the vibrational contributions to the electrical properties. Tables VI͑b͒ and VI͑c͒ present, respectively, the nuclear relaxation contributions to the polarizability and to the first hyperpolarizability. From the experimental values of the dipole moment derivative and the harmonic force constant, the experimental estimate of the ␣ nr is ͑0.372Ϯ0.005͒ a.u. The predicted QCISD/6-311ϩG(3d f ) nuclear relaxation contribution to the polarizability is overestimated by 7.5% with respect to the experimental value. The SCF, MP2, and MP4 ␣ nr contribution reproduces, essentially, the behavior of the dipole moment derivative. The best estimated value of ␣ nr is obtained at the QCISD/6-31G(d) level. The calculated ␤ nr takes negative values that have the same order of magnitude than the electronic component, like Tables III͑c͒ and VI͑c͒ show. For instance at the QCISD/6-311ϩG(3d f ) level, the absolute value of the ␤ nr represents 68.4% of the ␤ el . This is a general behavior obtained at the different levels of theory considered. At the HF or MP2 with the 6-31G(d) basis set, the nuclear relaxation contribution has roughly the same absolute value than the electronic one. At the SCF level, the anharmonic terms represent, in average, 8% of the total ␤ nr . However, at the correlated levels these anharmonic terms represent less than 5% of the total value of ␤ nr . For instance, at the QCISD and MP2 using the 6-311ϩG(3d f ) basis set, the anharmonic terms represent the 4.6% and 0.9% of the total ␤ nr , respectively.
In Tables VII͑a͒, VII͑b͒, and VII͑c͒ the vibrational contributions to the electrical properties are presented. Comparison between the el and the vib shows that the vibrational component is a meaningful component of the total value of the dipole moment. For instance, using the 6-311ϩG(3d f ) basis set and in absolute value, the vib represents 11.7% of the el , in average. As it is shown in the Appendix, higher order anharmonic corrections will not improve the vibrational contribution to the dipole moment. From Tables VII͑b͒ and VII͑c͒, the vibrational contributions to the ␣ and ␤ are less important than the nuclear relaxation one. But, both ␣ vib and ␤ vib must be considered to obtain accurate values of the total ␣ and ␤. Specially the ␤ vib represents more than 10% of the nuclear relaxation contribution, at the QCISD/6-311 ϩG(3d f ) level.
In Tables VIII͑a͒ and VIII͑b͒, While the CISD and QCISD values are in good agreement with the experimentally observed IR cross section change, the MP2 and MP4 values are larger. The origin of this behavior is also due to the large calculated a 21 coefficient. The SCF estimated ␦ SE is smaller than the experimental value because to the large calculated first derivative of the dipole moment ͓Table IV͑a͔͒.
At this point, a comparison between contributions to the molecular properties obtained in the present work and obtained using the finite field methodology [8] [9] [10] to the previously reported data 5 can be made. Data reported in Ref. 5 are obtained at the HF/DZP level. Then, the comparison must be done with respect to the HF/6-31G(d) values. At the HF/ DZP level, the r eq , the k, the el and the (‫ץ/ץ‬Q)Q eq,Fϭ0 values are 1.117 Å, 1.525 a.u., Ϫ0.070 a.u., and Ϫ1.068 a.u., TABLE VII. ͑a͒ Vibrational contribution to the dipole moment ͓Eq. ͑11a͔͒ of the CO molecule at the different levels of theory. ͑b͒ Vibrational contribution to the polarizability ͓Eq. ͑11b͔͒ of the CO molecule at the different levels of theory. ͑c͒ Vibrational contribution to the first hyperpolarizability ͓Eq. ͑11c͔͒ of the CO molecule at the different levels of theory.
3-21G
6-31ϩG 6-31G(d) 6-31ϩG(d) Except for the ␣ vib , the finite field values are slightly overestimated with respect to the P nr and P vib contributions calculated in this work. The origin of this overestimation can be due to the different basis set used. But, a systematic slight overestimation of the nuclear and the vibrational contributions to the molecular properties cannot be disregarded.
IV. CONCLUSIONS
The present study consists in a detailed interpretation of the nuclear relaxation and vibrational contributions to the dipole moment, polarizability and hyperpolarizability of a diatomic molecule. Carbon monoxide has been chosen as an example. The P nr and P vib contributions to the static molecular electrical properties, the ␦ E and the ␦ SE have been interpreted in terms of the derivatives of the electronic components of the , ␣, and ␤. These derivatives have been evaluated at the equilibrium geometry and in the zero-field case. The calculated P el , P nr , P vib , ␦ E , and ␦ SE have also been compared with the available experimental data. Finally, the effect of the basis set and the correlation energy and the truncation in the power series expansion have been considered in the study of these molecular properties of the CO molecule.
With respect to the level of theory, we have found that both very flexible basis sets and correlation energy must be considered to accurately reproduce the experimental data, when they are available. In general and considering the low computational cost of the MP2 calculations, this level of theory allows to obtain reliable values of the different contributions ͑electronic, nuclear relaxation, and vibrational͒ to the total molecular electrical properties. For properties with small absolute value, an accurate inclusion of the triples excitations in the treatment of the correlation energy must be included. Analytical determination of the molecular electrical properties and their derivatives with respect to the nuclear displacements is preferred, especially when they have small absolute values.
Nuclear relaxation and vibrational contributions to the total dipole moment, polarizability, and first hyperpolarizability have been evaluated. The relative weight of these contributions to the total molecular electrical properties is increased with the order of the molecular property. In average and using the 6-311ϩG(3d f ) basis set for the different levels of theory used, these contributions represent 11.7%, 3.3%, and 69.7% of the electronic contribution of the , ␣, and ␤, respectively. It has been shown that the nr has a zero value for all the diatomic molecules. While the nuclear contribution is null for the dipole moment, for the polarizability and for the first hyperpolarizability represents 2.6% and 65.1% of the electronic contribution. The vibrational contribution of these static electrical properties represents 11.7%, 0.6%, and 4.7% of the electronic contributions. From these data, it can be concluded that all three contributions must be considered to theoretically reproduce the experimentally determinated static electrical properties. In particular for the dipole moment of the CO molecule, the best predicted value of the total dipole moment obtained in this work is 0.044 a.u., considering the QCISD͑T͒/6-311ϩG(3d f ) electronic component, and the QCISD/6-311ϩG(3d f ) vibrational one. This value of the total dipole moment of the CO molecule agrees with available experimental data. 30, 31 Assuming for the vib , the same relative error that it has been observed for the ␦ E , the theoretically predicted total dipole moment is 0.047 a.u. This value of the dipole moment is also in agreement with the experimentally determined value. 30, 31 A similar result is obtained using the el values calculated by Scuseria et al. 20 at the CCSD͑T͒ level of theory. Only considering both contributions el and vib the experimental dipole moment can be reproduced. For the polarizability, the same conclusion can be assumed. Only when the electronic, the nuclear relaxation, and the vibrational contributions are considered, the relative error of the theoretically calculated total polarizability ͑16.04 a.u.͒ is reduced to less than 10% with respect to the experimental value ͑17.55 a.u.͒. 31 Better estimations of the theoretical values could be obtained by analytical evaluation of the electronic component derivatives of the electrical properties. Actually, the methodology presented in Sec. II B is being extended to polyatomic molecules.
The first order anharmonic terms have been considered in the calculated contributions to the electrical properties and in the Stark tuning rate and IR cross section changes by including these terms in the power series expansion of the potential energy. The first order mechanical anharmonic coefficient a 30 has been showed to be the most important correction to the harmonic model. This is due to the coupling of this term with derivatives of the dipole moment, polarizability, and hyperpolarizability ͑a 11 , a 12 , and a 13 ͒. Following Sec. II B, it can be easily shown that the nuclear relaxation contributions of these electrical properties are unchanged by the inclusion of the second anharmonic terms in the power series expansion of the potential energy. Only nuclear relaxation of the second hyperpolarizability ͑␥ nr ͒ will be corrected by the second order anharmonic terms.
Here, the field dependent force constant is given by ͪͬ .
͑A5͒
As it has been previously mentioned, the inclusion of the anharmonic corrections does not modify the vibrational contribution to the dipole moment, and in consequence, the Stark tuning rate is also not improved by the second order anharmonic corrections. The vibrational contribution to the polarizability is slightly modified with respect to Eq. ͑11b͒, and only two extra terms couple with the a 40 and a 31 terms are included. The most important effect of the anharmonic corrections is obtained in the first hyperpolarizability. For this nonlinear optical property, inclusion of the power series coefficients a 31 , a 32 , and a 40 lead to more complete expression of the ␤ vib . The vibrational contributions to higher order nonlinear optical properties will be even more sensitive to the anharmonic terms. From the vibrational contributions obtained in this Appendix, the second order anharmonic corrections a 40 , a 31 , and a 32 are coupled with first order anharmonic terms ͑a 30 and a 21 ͒ and with the nuclear relaxation terms ͑a 11 /a 20 and a 12 /a 20 ͒.
